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Background information. Cell motility entails the reorganization of the cytoskeleton and membrane trafﬁcking for
effective protrusion. The GIT–PIX protein complexes are involved in the regulation of cell motility and adhesion
and in the endocytic trafﬁc of members of the family of G-protein-coupled receptors. We have investigated the
function of the endogenous GIT complexes in the regulation of cell motility stimulated by fMLP (formyl-Met-Leu-
Phe) peptide, in a rat basophilic leukaemia RBL-2H3 cell line stably expressing an HA (haemagglutinin)-tagged
receptor for the fMLP peptide.
Results. Our analysis shows that RBL cells stably transfected with the chemoattractant receptor expressed both
GIT1–PIX and GIT2–PIX endogenous complexes. We have used silencing of the different members of the complex
by small interfering RNAs to study the effects on a number of events linked to agonist-induced cell migration.
We found that cell adhesion was not affected by depletion of any of the proteins of the GIT complex, whereas
agonist-enhanced cell spreading was inhibited. Analysis of agonist-stimulated haptotactic cell migration indicated
aspeciﬁcpositiveeffect of GIT1 depletionontrans-well migration. Theinternalization of theformyl-peptide receptor
was also inhibited by depletion of GIT1 and GIT2. The effects of the GIT complexes on trafﬁcking of the receptors
was conﬁrmed by an antibody-enhanced agonist-induced internalization assay, showing that depletion of PIX,
GIT1 or GIT2 protein caused decreased perinuclear accumulation of internalized receptors.
Conclusions. Our results show that endogenous GIT complexes are involved in the regulation of chemoattractant-
induced cell motility and receptor trafﬁcking, and support previous ﬁndings indicating an important function of the
GIT complexes in the regulation of different G-protein-coupled receptors. Our results also indicate that endogen-
ous GIT1 and GIT2 regulate distinct subsets of agonist-induced responses and suggest a possible functional link
between the control of receptor trafﬁcking and the regulation of cell motility by GIT proteins.
Introduction
The chemotactic responses in leucocytes are medi-
ated through receptors coupled to G-proteins (Moore
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Milano, Italy.
3To whom correspondence should be addressed (email decurtis.ivan@hsr.it).
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Abbreviations used: ARF, ADP-ribosylation factor; Cdc42, cell division cycle
42; Fluo4/AM, Fluo-4 acetoxymethyl ester; fMLP, formyl-Met-Leu-Phe; FN,
ﬁbronectin; FPR, fMLP peptide receptor; GAP, GTPase-activating protein;
GIT, G-protein-coupled-receptor-kinase-interacting protein; GRK2,
G-protein-coupled receptor-kinase 2; HA, haemagglutinin; mAb, monoclonal
antibody; PAK, p21-activated kinase; PIX, PAK-interacting exchange factor;
siRNA, small interfering RNA.
et al., 2007). The n-fMLP (n-formyl-Met-Leu-Phe)
chemoattractant is a bacterial peptide that regu-
lates leucocyte adhesion, trans-endothelial migration
and chemotaxis during the inﬂammatory response
(Prossnitz and Ye, 1997). Rat basophilic leukaemia
RBL-2H3 cells have been used as a model cell line
to study leucocyte adhesion (Molteni et al., 2009)
and fMLP-induced chemotactic responses (Ali et al.,
1998). Like cell migration in general, chemotaxis is
driven by protrusion at the leading edge of cells,
where continuous actin and adhesion remodellings
are required. Membrane trafﬁc may contribute to
the extension of the cell border (Hopkins et al.,
1994; Bretscher and Aguado-Velasco, 1998), but the
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Figure 1 Expression in RBL-FPR cells and down-regulation by siRNAs of endogenous GIT and PIX proteins
(A) Protein lysates (1 mg) from RBL-FPR cells were incubated with Protein A–Sepharose beads with no antibody (Ctr), coupled
with SI-64 immune serum (SI64) or pre-immune serum (PI64). Immunoprecipitates (IP), fractions of unbound material (Ub, 1/5
of total) and lysates (Lys; 200 μg) were subjected to SDS/PAGE, and ﬁlters were then incubated for immunoblotting with the
antibodies speciﬁc for the proteins indicated on the right: a mAb recognizing both GIT1 and GIT2 (upper panels) or a polyclonal
antibody speciﬁc for GIT1 (lower panels). The upper band is GIT1 (asterisk), whereas the lower bands are different variants of
GIT2 (arrow). (B) Immunoprecipitate with anti-PIX pAb, lysate and unbound fraction blotted for PIX and the GIT proteins. (C–E)
RBL-FPR cells were transfected with siRNAs speciﬁc for rat GIT1 (C), GIT2 (D)o rβPIX (E). Transfections with a control siRNA
(Ctr, for luciferase) and non-transfected cells (NT) were included in each experiment. At 48 or 72 h after transfection, cells were
lysed in SDS/PAGE loading buffer and immunoblotted with antibodies for GIT1 (C), GIT1 and GIT2 (D) and PIX (E). Quantiﬁcation
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Figure 1 Legend continued
of protein down-regulation by the speciﬁc versus control siRNAs at 48 h after transfection is shown on the right of each panel.
Results are are means+ −S.D. for three independent experiments. (F) Quantiﬁcation of protein depletion by the different siRNAs
used in the present study. Percentages refer to the level of protein expression evaluated 48 h after electroporation and compared
with control cells (electroporated with siRNA for luciferase) taken as 100%. m, mean; n. exp., number of experiments.
underlying molecular mechanisms are still largely
unknown. The GIT (G-protein-coupled-receptor-
kinase-interacting protein) family includes the GIT1
and GIT2 proteins, two GAPs (GTPase-activating
proteins) for the ARF (ADP-ribosylation factor) fam-
ily of small GTP-binding proteins. GIT proteins
have been implicated in the regulation of cell ad-
hesion and migration (Hoefen and Berk, 2006). One
hypothesis is that these proteins co-ordinate ARF-
mediated membrane trafﬁcking with cell adhesion
and cytoskeletal organization during cell motility
(de Curtis, 2001). GIT1 and GIT2 interact with
a number of proteins including the PIX [PAK
(p21-activated kinase)-interacting exchange factor]
exchanging factors for Rac1 and Cdc42 (cell di-
vision cycle 42) (Bagrodia et al., 1998; Manser
et al., 1998), the focal adhesion protein paxillin
(Turner et al., 1999), and the synaptic adaptor pro-
teins Piccolo and liprin-α (Kim et al., 2003; Ko
et al., 2003; Totaro et al., 2007). In vitro and in vivo
studies suggest that GIT proteins regulate the activ-
ity of Arf6 in cells (Vitale et al., 2000; Albertinazzi
etal.,2003),amemberoftheARFfamilyinvolvedin
membranetrafﬁckingbetweenplasmamembraneand
endosomes (Donaldson, 2003). On the other hand,
the interaction of the multidomain GIT proteins
withthePIX–PAKcomplex,includingactivatorand
downstream effector kinases for the Rho family pro-
teinsRacandCdc42,suggeststheinvolvementofthe
GIT complexes in the regulation of actin-dependent
processes regulated by these GTPases at the cell edge
(Bagrodia et al., 1998; Manser et al., 1998; Di Cesare
et al., 2000).
Internalization of heterologous β2-adrenergic re-
ceptors in HEK-293 cells (human embryonic kid-
ney cells) is inhibited by the ARF GAPs GIT1
and GIT2, and promoted by the ARF activ-
ator ARNO (ARF nucleotide-binding-site opener)
(Premont et al., 1998, 2000; Claing et al.,
2000, 2001). Moreover, both the expression of ARF6
mutants and its depletion by siRNA (small inter-
fering RNA) consistently affect the internalization
of G-protein-coupled receptors (Claing et al., 2001;
Houndolo et al., 2005).
By using different GIT1 and βPIX mutants, we
have shown that βPIX is important for the subcellu-
lar localization of GIT1, and that the GIT complexes
may affect the organization of endocytic compart-
ments and interfere with the cellular response to mo-
togenic stimuli, both in neuronal and non-neuronal
cells (Za et al., 2006). In the present study, we have
analysed the contribution of the endogenous GIT
complexes to the chemotactic response of rat baso-
philicleukaemiaRBL-2H3cells,whichareutilizedas
acellularmodeltostudyagonist-inducedchemotaxis
(Richardson et al., 1998). In particular, we have used
down-regulation of components of the endogenous
GIT complexes to test the effects on agonist-induced
cell adhesion and motility, and receptor trafﬁcking.
We have analysed the effects of knockdown of GIT1,
GIT2 and PIX on a number of cellular events in-
volvedinagonist-inducedcellmigrationthatinclude
receptor internalization, adhesion, spreading and cell
migration. For this, we have used a stably transfected
cell line derived from RBL-2H3 cells to express an
HA(haemagglutinin)-taggedformofthereceptorfor
fMLP (RBL-FPR), with the aim of addressing some
aspects of the signalling underlying the chemotactic
responses to fMLP.
Results and discussion
Characterization of the endogenous GIT–PIX
complexes in RBL-FPR cells
OthersandwehavefoundthatGITandPIXproteins
are constitutively associated in complexes in differ-
ent cell types. We have used the available antibodies
directed to GIT and PIX proteins to detect the endo-
genouscomplexesexpressedintheRBL-FPRcellline
obtained in our laboratories. Immunoprecipitation
experiments with either anti-GIT1 (serum SI-64) re-
cognizing both GIT1 and GIT2 (Paris et al., 2003)
or anti-βPIX recognizing both αPIX and βPIX
(Botrugno et al., 2006) showed the presence of both
GIT1–PIX and GIT2–PIX complexes in these cells
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(Figures 1A and 1B). Immunochemical analysis, in-
cluding the use of GIT1-speciﬁc antibodies, showed
that GIT1 and GIT2 were about equally expressed in
RBL-FPRcells(Figure1A),whereasthe80 kDaband
corresponding to βPIX was more abundant than the
higher band expected to be αPIX (Figure 1B).
To address the function of the GIT–PIX com-
plexesinratRBL-FPRcellsweﬁrstidentiﬁedspeciﬁc
siRNAs that were able to down-regulate the expres-
sion of the endogenous proteins. We found that each
of the speciﬁc siRNAs was able to efﬁciently down-
regulate the expression of the speciﬁc target, both at
48 or 72 h after transfection (Figures 1C–1E). Quan-
tiﬁcationoftheeffectsofthesiRNAs48 haftertrans-
fection showed efﬁcient reduction of each protein by
the speciﬁc siRNA even when double transfections
with siRNAs for both GIT1 and GIT2 were per-
formed (Figures 1C–1F).
Effects of GIT and PIX depletion on cell adhesion,
spreading and motility
fMLP-inducedchemotaxisontheextracellularmatrix
involves integrin receptor engagement in cell adhe-
sion, followed by actin-driven protrusion. To analyse
theroleoftheGIT/PIXcomplexesindifferentaspects
of fMLP-stimulated adhesion and motility, we have
usedfunctionalassaystomeasureadhesion,spreading
and migration.
Stimulation by fMLP induced a fast and stronger
adhesion of RBL-FPR cells to FN (ﬁbronectin) even
during the short period at room temperature (2 min
at 25◦C) required for the procedures before start-
ing the incubation at 37◦C (corresponding to zero
time in Figure 2A). The difference in the adhesion of
stimulated and non-stimulated cells was evident up
to 10 min at 37◦C. Therefore we have analysed the
effectsofthedepletionofthecomponentsoftheGIT–
PIX complexes in siRNA-transfected cells incubated
after plating on to FN for 0 and 5 min at 37◦C.
The quantitative analysis did not show any signiﬁc-
ant difference among cells treated with the different
siRNAs, both in the presence or absence of fMLP
(Figure 2B), thus showing that GIT or PIX deple-
tion did not interfere with either basal or stimulated
adhesion to FN.
We next examined the effects of the GIT complex
on cell spreading on FN, measured as the projected
cell area after 10–15 min of incubation at 37◦Co n
FN-coated substrates. Spreading was enhanced by
Figure 2 Depletion of GIT and PIX proteins does not
affect fMLP-induced cell adhesion to FN
(A) Quantiﬁcation of RBL-FPR cell adhesion to FN. Cells were
stimulated with 100 nM fMLP and centrifuged for 1 min at
room temperature (zero time). Cells were then allowed to ad-
here at 37◦C for the indicated times. Each point is the mean
for at least four samples per experiment (analysis from three
experiments). Adhesion after 0 min at 37◦C corresponded to
an approx. 2 min incubation at room temperature (see the Ma-
terials and methods section). (B) RBL-FPR cells transfected
with the indicated siRNAs were resuspended with or without
100 nM fMLP, centrifuged for 1 min at room temperature on
FN-coated wells, and incubated for up to 10 min at 37◦Cb e -
fore processing. Adhesion is expressed as fold increase with
respect to basal adhesion of cells with control siRNA (luci-
ferase). No signiﬁcant differences in the adhesion to FN were
observed between cells transfected with speciﬁc or control
siRNAs, both under basal and stimulated conditions. Results
are means+ −S.E.M. for three different experiments (two for
GIT1+GIT2), with four wells per condition per experiment.
fMLPascomparedwithnon-treatedcells(Figure3A).
Down-regulation of GIT1, GIT2 or βPIX inhibited
the fMLP-stimulated spreading on FN (15%
inhibition for βPIX siRNA; 26% inhibition for
GIT1 siRNA; 28% inhibition for GIT2 siRNA),
while basal spreading on FN was not signiﬁc-
antly affected (Figure 3B). We then performed a
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Figure 3 Depletion of either PIX or GIT proteins inhibits
fMLP-induced spreading on FN
(A) Phase-contrast images of RBL-FPR cells incubated with
or without 100 nM fMLP and allowed to adhere for 15 min
on FN. Scale bar, 40 μm. (B) RBL-FPR cells with or without
100 nM fMLP were centrifuged for 1 min at room temperature
and allowed to spread for 10 min on FN-coated coverslips
before ﬁxation. Phase-contrast images were analysed with
ImageJ software to measure the projected cell areas. Results
are means+ −S.E.M. (300–400 cells per experimental condi-
tion, from 3–4 independent experiments). **P<0.005. Black
asterisks refer to comparisons of the fMLP-induced cell area
between control (LUC) and GIT- or PIX-depleted cells; grey
asterisks refer to comparisons between basal and fMLP-in-
duced areas for each speciﬁc siRNA. (C) Projected areas of
cells transfected with the indicated siRNA (mean+ −S.E.M.;
n=50 cells per condition) were measured after spreading for
10–40 min on FN at 37◦C with or without stimulation (100 nM
fMLP).
kinetic analysis at different time points during
spreading on FN of fMLP-stimulated versus non-
stimulated cells transfected with siRNAs. Cells
transfected with control siRNA showed that fMLP
induced a transient increase of spreading on FN,
which became negligible after 40 min (Figure 3C).
The fMLP-induced transient increase in spreading
was inhibited by simultaneous knockdown of
GIT1 and GIT2, while differences between cells
transfected with control or speciﬁc siRNAs were
not evident after 40 min, when the differences
between fMLP-treated and non-treated cells became
negligible also in control cells.
Finally, we investigated whether the endogen-
ous GIT–PIX complexes played a role in fMLP-
stimulated cell migration. Addition of increasing
concentrations of fMLP to the lower side of Boyden
chambers coated with FN was used to determine the
optimal concentration to stimulate cell migration of
RBL-FPR cells. We found that 100 nM fMLP gave
the highest migratory responses in these cells (Fig-
ure4A).EfﬁcientmigrationofRBL-FPRunderthese
conditions was dependent both on substrate-bound
FN and soluble fMLP, since lack of either compon-
ent on the lower side of the transwells prevented cell
migration through the ﬁlters (Figures 4B and 4C).
We used this experimental setting to test the ef-
fects of the depletion of the components of the en-
dogenous GIT–PIX complexes on fMLP-induced,
FN-mediated chemotaxis. Interestingly, depletion of
GIT1 speciﬁcally inhibited migration of RBL-FPR
cells, whereas down-regulation of any of the other
components had no signiﬁcant inﬂuence on the mi-
grationofthesecells(Figure4D).Rescueexperiments
showed that the inhibitory effects induced by trans-
fection of GIT1 siRNA on cell migration were spe-
ciﬁc,sinceco-transfectionofavianFLAG–GIT1with
GIT1siRNAwasabletopreventthedefectinmigra-
tion(Figure4E).OurresultsindicatethatGIT1plays
a speciﬁc positive role in fMLP-induced migration of
RBL-FPR cells. On the other hand, the lack of evid-
ent effects on fMLP-induced, FN-mediated chemo-
taxis after double knockdown of GIT1 and GIT2
is surprising. These ﬁndings suggest that GIT2 is
required for the inhibitory effects on migration in-
duced by GIT1 depletion, although the underlying
mechanisms remain to be determined. Interestingly,
it has been shown that the spreading and migra-
tion of other cell types are negatively regulated by
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Figure 4 Down-regulation of GIT1 affects fMLP-induced chemotaxis
(A) Directional migration of RBL-FPR cells towards fMLP. Serum-starved RBL-FPR cells were subjected to chemotactic assay
towards different concentrations of fMLP for 4 h at 37◦C. Cells migrating to the lower side of FN-coated ﬁlters were quanti-
ﬁed by densitometric analysis. Chemotaxis was calculated as the percentage of maximal chemotactic response (observed at
100 nM fMLP). Means+ −S.D. for two independent experiments, each performed in duplicate. (B) Coating with FN is required for
fMLP-induced migration. Crystal Violet-stained representative ﬁelds after transwell migration of RBL-FPR cells for the indicated
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Figure 4 Legend continued
times are shown. (C) Representative ﬁelds after transwell migration towards FN, with or without 100 nM fMLP. Scale bars,
200 μm. (D) RBL-FPR cells transfected with the indicated siRNAs were used for transwell migration assays (2 h at 37◦C) in the
presence of FN. Directional motility in the presence (grey bars) or absence (black bars) of 100 nM fMLP was expressed as a
percentage compared with stimulated control cells (100%=siRNA luciferase+fMLP). Results are mean percentages+ −S.E.M. of
migrated cells per ﬁeld (n=4 experiments; quantiﬁcations from eight ﬁelds from two different ﬁlters per sample per experiment).
siRNA for GIT1 signiﬁcantly reduced the fMLP-induced migration by 40+ −6% (S.E.M.; *P<0.05). (E) RBL-FPR cells were
co-transfected with the indicated siRNAs and plasmids, and analysed for fMLP-stimulated migration as in (D). Results are mean
percentages+ −S.D. (n=3). The panel under the graph shows an example of a ﬁlter from a gel loaded with equal amounts of
lysates from the different transfections, incubated with antibodies to detect endogenous and overexpressed GIT proteins (upper
panel) or tubulin antibodies (lower panel). (F) Depletion of the components of the endogenous GIT–PIX complexes does not
affect calcium response to fMLP. siRNA-transfected RBL-FPR cells were loaded 48 h after electroporation with Fluo4/AM and
monitored for changes in intracellular [Ca2+] before and after stimulation with or without fMLP (100 nM). The maximum relative
ﬂuorescence unit (RFU) value registered within 3 min after fMLP addition was considered as the response. None of the tested
siRNAs caused any signiﬁcant effect on fMLP-induced calcium response.
endogenous GIT2 (Frank et al., 2006), suggesting
that GIT proteins may exert different functions in
distinct cellular environments.
No effects of GIT/PIX knockdown on
fMLP-induced calcium responses
Leucocytes migrate to sites of inﬂammation to take
part in host defence by activation of chemoattractant
receptors. In this process, pro-inﬂammatory agents
such as fMLP, interleukin-8 or platelet-activating
factor activate chemoattractant receptors coupled to
G-proteins to induce cellular responses. Increase in
cytosolic calcium is a measure of signalling after ac-
tivation of several G-protein-coupled receptors. In
this respect, it has been shown that GIT1 is required
for angiotensin II-stimulated calcium mobilization,
since the knockdown of GIT1 with antisense GIT1
oligonucleotides causes inhibition of calcium mobil-
ization induced by angiotensin II (Haendeler et al.,
2003). Here, we have checked for the effects of GIT–
PIX depletion on fMLP-induced cytosolic calcium
elevation in RBL-FPR cells. We found that the ex-
pression of siRNAs to deplete the different com-
ponents of the endogenous GIT–PIX complexes did
not affect the response to 100 nM fMLP in terms of
cytosolic calcium elevation (Figure 4F). These res-
ults indicate that the effects observed on the motility
of cells depleted of speciﬁc components of the en-
dogenous GIT complexes were not due to changes
in the calcium elevation in response to agonist
signalling.
Effect of GIT and PIX depletion on the
internalization of fMLP receptors
GIT1 was ﬁrst identiﬁed in a two-hybrid screen
for proteins interacting with the GRK2 (G-protein-
coupled-receptor kinase 2) (Premont et al., 1998),
and recently the interaction between GIT1 and
GRK2 was found to be transiently stimulated by
sphingosine-1-phosphateinHeLa-GRK2cellsstably
transfected with GRK2 (Penela et al., 2008). The in-
teraction between overexpressed GRK2 and GIT1
proteins was conﬁrmed by us in COS7 cells (S.
Paris and I. de Curtis, unpublished data). We
thus set out to identify the biochemical interaction
between endogenous GRK2 and GIT proteins both
in non-stimulated and in fMLP-stimulated RBL-
FPR cells. No interaction between the endogenous
GRK2 and GIT proteins could be detected by co-
immunoprecipitation under different conditions, us-
ing antibodies speciﬁc for proteins of the GIT com-
plex or for GRK2. We were unable to detect the
interaction between the endogenous GRK2 and GIT
proteins either in resting and fMLP-stimulated ad-
herent RBL-FPR cells, or in RBL-FPR cells kept
in suspension during stimulation for different times
withfMLP(L.ZaandI.deCurtis,unpublisheddata).
Ontheotherhand,anumberofreportshaveshown
that GIT proteins are implicated in the regulation
of different endocytic pathways, including the traf-
ﬁcking of G-protein-coupled receptors. In partic-
ular, GIT1 overexpression inhibits the endocytosis
of the β2-adrenergic receptors and of several other
G-protein-coupled receptors (Premont et al., 1998;
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Claing et al., 2000). We have therefore addressed the
role of proteins of the GIT complexes in the internal-
ization of the FPR (fMLP peptide receptor), by using
cytoﬂuorimetricmeasuresoftheHA-taggedFPRleft
on the surface of fMLP-stimulated RBL-FPR cells.
Incubation at 37◦C of serum-starved cells stimulated
with fMLP induced a clear decrease in cell surface
ﬂuorescence intensity after both 10 and 30 min in-
ternalization(Figures5Aand5B).Wetestedtheeffe-
cts of the down-regulation of components of the
GIT complexes on the internalization of the FPR by
quantifying the amount of receptors left on the cell
surface after incubation for 10 min at 37◦Ci nt h e
presence of fMLP. A signiﬁcant inhibition of receptor
internalization was detected after 10 min of stimula-
tion when GIT1 and/or GIT2 were down-regulated
(Figures 5C and 5D). This effect was not as evident
after 30 min with fMLP, where the differences in the
amount of receptor internalized in control and GIT-
depleted cells became non-signiﬁcant (Figure 5C).
Interestingly, the depletion of the endogenous pro-
teins of the GIT complexes also affected the amount
of FPR expressed on the surface of non-stimulated
cells, with a 21–28% decrease compared with con-
trol cells, suggesting a role of these proteins in the
regulation of surface expression of this receptor at
steady state (Figure 5E).
Thetransientinhibitionofligand-inducedreceptor
internalization in cells depleted of endogenous com-
ponentsoftheGITcomplexescouldcauseasustained
signallingbythe increasedconcentrationof receptors
remainingatthecellsurface.Incontrast,weobserved
theinhibitionofcellmotilityuponexpressionofspe-
ciﬁcsiRNAs.Thisapparentcontradictionmaybeex-
plained by recent ﬁndings showing that endocytosis
isrelevanttothemaintenanceofthesignallinglinked
to motogenic stimuli (Byers et al., 2008; Palamidessi
et al., 2008).
We then utilized an antibody-enhanced FPR in-
ternalization assay to further analyse, by immuno-
ﬂuorescence, the effects of the endogenous GIT com-
plexes on fMLP-stimulated FPR endocytosis. First
trials aimed at detecting the internalization of the
receptors by immunoﬂuorescence after fMLP stim-
ulation indicated that the high background from
the intracellular FPR present along the biosynthetic
pathway could obscure the pool of internalized re-
ceptors (results not shown). We therefore prelabelled
the surface receptors by incubating cells at 0◦C with
anti-HA antibodies as detailed in the Materials and
methods section, and then performed the internaliz-
ation at 37◦C, both in the presence and absence of
fMLP. Although cross-linking of FPR molecules at
the cell surface by the antibodies is likely to enhance
receptor internalization, this approach could still al-
low the detection of clear differences in the internal-
ization between stimulated and non-stimulated cells
(Figure 6A). In control cells, the distribution of the
surface-labelled FPR was diffuse, while incubation of
cells for 10 min in the absence of fMLP induced the
formation of clusters of receptors that may include
both internalized and clustered receptors at the cell
surface (Figure 6A). Very few cells showed a clear ac-
cumulation of the internalized receptors in the peri-
nuclearregionafterincubationat37◦Cintheabsence
of the ligand (100 nM fMLP) (Figures 6A and 6F). In
contrast, incubation for 10 min at 37◦C in the pre-
sence of fMLP induced the accumulation of the
internalized receptors in the perinuclear region
of most of the cells (Figures 6A and 6G). Interest-
ingly, the analysis of the fMLP-induced internaliza-
tion of the receptors in cells depleted of any of the
components of the GIT complexes analysed showed
a clear inhibition of the perinuclear accumulation of
the internalized FPR (Figures 6B–6E). The quant-
itative analysis from three independent experiments
showed a decrease in the percentage of cells with per-
inuclear accumulation of the receptor, and a corres-
pondingincreaseincellswithpunctatestainingwhen
compared with control cells (Figure 6G). Moreover,
the down-regulation of the GIT proteins induced an
increase in the percentage of cells that showed a dif-
fusesurfacestainingafterincubationat37◦Cwithout
fMLP ligand (Figure 6F). Overall, these results sup-
port a role for the endogenous GIT complexes in the
regulation of ligand-stimulated trafﬁcking of fMLP
receptors. The results indicate the requirement of the
endogenous GIT complexes for the internalization
of FPR. Moreover, the decrease in concentration of
the internalized receptor in the perinuclear region
after stimulation of cells transfected with the speciﬁc
siRNAs suggests that the GIT complexes may also
play a role in the regulation of the transport of the
internalized receptors to the perinuclear region.
Conclusions
The internalization of G-protein-coupled receptors
is ﬁnely regulated by the action of several proteins
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Figure 5 Effects of the depletion of components of the GIT–PIX complexes on fMLP-induced FPR internalization
(A) Flow cytometry after fMLP stimulation to analyse the cell surface expression of HA-tagged FPR in RBL-FPR cells. The setting
of the gate was based on cell morphology. FSC, forward scatter; SSC, side angle scatter. (B) Flow cytometry of serum-starved
cells stimulated with 100 nM fMLP and incubated at 37◦C for the indicated times. Down-regulation of the cell surface receptor
was detected as a shift towards the left of the peaks of ﬂuorescence intensity (FL1) after internalization at 37◦C. (C) Silencing of
GIT1, GIT2 or GIT1+GIT2 inhibited receptor internalization. Cells transfected with the indicated siRNAs were incubated at 37◦C
with fMLP for the indicated times before quantiﬁcation of the residual receptors at the cell surface by cytoﬂuorimetry. Results are
means+ −S.E.M. (n=3–4 experiments; normalized for each population of transfected cells with respect to the surface receptors
at zero time=100%). (D) Percentage of FPR internalized after incubation with fMLP for 10 min at 37◦C. (E) Decreased expression
of cell surface FPR 48 h after siRNA for βPIX, GIT1, GIT2 or GIT1+GIT2, compared with control siRNA (means+ −S.E.M. for 3–4
experiments). *P<0.05, **P<0.005 (Student’s t test).
required to control this complex process. Included
among the regulators of this process are the small
GTPase ARF6 (Houndolo et al., 2005) and its GAPs
belonging to the GIT family (Claing et al., 2000).
The function of GIT and PIX proteins has mainly
been addressed by overexpression of wild-type and
mutant forms of these proteins. On the other hand,
recent studies have addressed the function of some
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Figure 6 Inhibition of fMLP-induced FPR internalization by siRNA for GIT and PIX
(A–E) Immunoﬂuorescence showing three-dimensional projections from stacks of confocal images of cells transfected with the
indicated siRNAs and prelabelled at 0◦C with anti-HA and Alexa Fluor® 568-conjugated anti-mouse Ig, before incubation at 37◦C
for the indicated times with or without fMLP. Scale bar, 20 μm. (F, G) Quantiﬁcation from ﬂuorescence images, shown in (A–E),
of the distribution of FPR after incubation of antibody-labelled, siRNA-transfected cells for 10 min at 37◦C, either in the absence
(F) or in the presence of fMLP (G). Numbers indicate the number of cells examined from three independent experiments.
of these proteins using cells isolated from knock-
out mice. For example, it has been shown that
neutrophils from either GIT2 or αPIX knockout
animals have impaired chemotactic responses (Li
et al., 2003; Mazaki et al., 2006). Of the two PIX
proteins, αPIX is particularly abundant in cells of
the immune system, whereas βPIX is widely ex-
pressed. Further analysis of immune cells from αPIX
knockout mice has shown that basal migration of
αPIX-null T- and B-cells was enhanced, and sugges-
ted a redundant role of βPIX in these cells (Missy
et al., 2008). Here we have shown that endogen-
ous GIT complexes are involved in the regulation of
chemoattractant-induced cell motility and receptor
trafﬁcking. In agreement with previous overexpres-
sion studies, our results show that the endogenous
GIT complexes are important for the regulation of
some of the G-protein-coupled receptors-mediated
events, and also indicate that endogenous GIT1 and
GIT2regulatedistinctsubsetsof agonist-inducedre-
sponses, and suggest a functional link between the
control of receptor trafﬁcking and the regulation of
cell motility by GIT proteins.
Signal transduction events do not occur only at
the plasma membrane, but also at different intra-
cellular compartments after internalization (Disanza
et al., 2009; Gould and Lippincott-Schwartz, 2009).
Endocytic/recycling pathways are not only required
to control the timing, but also the polarized com-
partmentalization of the signalling originating from
different types of receptors, including tyrosine kinase
receptors (Palamidessi et al., 2008) and chemokine
receptors (Minina et al., 2007; Byers et al., 2008).
In fact the inhibition of spreading and migration ob-
served following knockdown of the endogenous GIT
proteins may be a consequence of the perturbation
of FPR trafﬁcking, which could affect membrane re-
cycling to the leading edge of motile cells. It has
beenshownforothertypesofreceptorsthatendocytic
trafﬁcking is important for the localization of their
signalling during cell migration (Polo and Di Fiore,
2006; Palamidessi et al., 2008). The same may apply
to signalling by G-protein-coupled receptors, where
perturbationofsignallingbyalteringtheirtrafﬁcking
after GIT knockdown may at least partially explain
some of the effects on cell motility observed.
Materials and methods
Cell lines and transfections
Wegenerated theRBL-FPR cell line by stable transfection of rat
RBL-2H3 leukaemia cells (Seldin et al., 1985) with a pcDNA3
plasmid including the cDNA for the N-terminally HA-tagged
human FPR (a gift from Dr Silvano Sozzani, Department of
Biomedical Sciences and Biotechnology, University of Brescia,
Italy). The tagged receptor was detected by using the anti-HA
mAb (monoclonal antibody) 12CA5. Plasmids for FLAG–β-
galactosidase and FLAG–GIT1 have been described previously
(Di Cesare et al., 2000).
For transfection of cDNAs or siRNA heteroduplexes, RBL-
FPR cells were electroporated (4×106 cells per electroporation)
and cultured in DMEM (Dulbecco’s modiﬁed Eagle’s medium;
Gibco) with 20% (v/v) fetal bovine serum (BioWhittaker) with
1 mg/ml G418 (Calbiochem). COS7 cells were transfected with
LipofectamineTM 2000 (Invitrogen).
siRNAs used in the present study were speciﬁc for
targeting RNA sequences corresponding to the follow-
ing DNA sequences: 5 -CAACAGGAATGACAATCAC-3 
for rat βPIX and 5 -GCACTCAGCAACCGGCTCT-3  for
rat GIT1 (MWG-Biotech AG) (Zhang et al., 2005); 5 -
CTGAGTACTCCTCGACACGAA-3  forratGIT2(Qiagen);5 -
CAUCACGTACGCGGAATAC-3  for luciferase (Invitrogen).
Their ability to silence endogenous proteins was veriﬁed 48 and
72 h after electroporation by Western blotting with antibodies
speciﬁc for GIT1 (goat pAb from Santa Cruz Biotechnology),
GIT1 and GIT2 (mAb from BD Transduction Laboratories) and
rabbit pAb anti-GIT and anti-PIX prepared in our laboratory
(Paris et al., 2003; Botrugno et al., 2006). Protein loading was
normalized with respect to α-tubulin (mAb from Sigma). All
functional studies were performed 48 h after electroporation un-
less otherwise indicated.
Cell adhesion
96-well plates (Costar 3590; Corning) were coated with
10 μg/ml FN in PBS and incubated for 2 h at 37◦Cw i t h1 %
BSA. Cells were starved for 4 h in serum-free medium, collected
by trypsinization and resuspended in serum-free medium to 106
cells/ml. Then, 5×104 cells were plated on to each well (four
wells per condition per experiment), with or without 100 nM
fMLP. Seeding of cells to the bottom of wells was synchronized
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by 1 min centrifugation at 1000 g. Cells were incubated at 37◦C
between 0 min (≈2 min at room temperature) and 30 min. Ad-
hesion was blocked by washing cells twice with warm medium
before ﬁxation with 4% (w/v) paraformaldehyde, staining with
Crystal Violet [0.5% in 20% (v/v) methanol] and solubilization
with 1% SDS. Adhesion was quantiﬁed by measuring the in-
tensity of the attenuance at 540 nm. Adhesion to BSA-coated
wells was negligible in all experiments.
Cell spreading
Cells were trypsinized, resuspended in serum-free medium to
106 cells/ml, and plated on to 13 mm coverslips (105 cells per
coverslip) coated with 10 μg/ml FN and 1% BSA. Cells were
centrifuged for 1 min at 1000 g before incubation at 37◦Cf o r
the indicated times, with or without 100 nM fMLP. After ﬁxa-
tion (3% paraformaldehyde and 2% sucrose in PBS), cells were
analysed by phase-contrast microscopy with an Axiovert S100
TV2 microscope (Zeiss) equipped with a Hamamatsu Orca II
CCD digital camera (Hamamatsu Photonic). Projected cell areas
were measured by the public software ImageJ (NIH). A total of
100 cells were measured per condition in each experiment.
Cell migration
ModiﬁedBoydenchamberassayswereperformedtomeasurecell
migration. The lower sides of polycarbonate ﬁlters (8 μMp o r e ,
6.5 mm; Costar) were coated with 10 μg/ml FN. Transfected
cells starved for 4 h were loaded on to the upper chambers (105
cells per ﬁlter). The bottom chambers were ﬁlled with serum-
free culture medium with or without 100 nM fMLP. Cells were
incubated for 2–4 h at 37◦C. Cells were removed from the upper
part of the ﬁlters with a cotton swab, whereas the lower part was
ﬁxed in cold methanol and stained with Crystal Violet. Bright-
ﬁeld images were collected with a Leica DM IRB microscope
equipped with a C plan ×20/0.3 and a Leica DC 300FX camera
using IMG50 software (Leica Microsystems). We quantiﬁed the
number of cells in four ﬁelds per ﬁlter per experiment.
Internalization assays by ﬂow cytometry
The ability of FPRs to be internalized was measured by ﬂow
cytometry. At 48 h after electroporation of siRNAs, RBL-FPR
cells were trypsinized and washed with Hanks balanced salt
solution modiﬁed with 0.1% inactivated BSA, 10 mM Hepes,
1m MC a C l 2 and 1 mM MgCl2.3×105 cells were incubated
for 0–30 min at 37◦C with or without 100 nM fMLP. Receptor
internalization was blocked with a cold washing buffer (1%
serum in PBS). Cells were immunostained on ice with the anti-
HA 12CA5 mAb. Cells were washed with a cold washing buffer
andincubatedfor25minonicewithAlexaFluor ® 488goatanti-
mouse Ig (Molecular Probes). After washing with cold buffer,
cells were resuspended in 300 μlo fP B Sf o rF A C Sa n a l y s i sb y
FACScan (Becton Dickinson). The results were analysed with
Cell Quest software (Becton Dickinson). Cells incubated with
secondary antibody only represented negative controls.
Antibody-enhanced internalization assays
RBL-FPR cells electroporated in the presence of siRNAs were
trypsinized and plated on to 13 mm coverslips coated with
10 μg/ml FN in serum-free medium. After starvation for 4 h,
cells were incubated for 25 min on ice with anti-HA 12CA5,
washed twice on ice and incubated for 25 min on ice with Alexa
Fluor® 568 goat anti-mouse Ig (Molecular Probes). Prelabelled
cells were then incubated for the indicated times at 37◦Cw i t h
orwithout100 nMfMLP.Internalizationoftheantibody-bound
FPRwasstoppedbywashingwithcoldmodiﬁedHanksbalanced
salt solution and by ﬁxation with 3% paraformaldehyde and 2%
sucrose. In some experiments, cells were stained with FITC–
phalloidin (Sigma) after ﬁxation. Images were captured with
an Axiophot microscope equipped with a PLAN-Apochromat
×63/1.4lens(CarlZeissMicroImaging)andaC4742-95-12HR
digital camera (Hamamatsu). Images were collected with HiPic
32 software (High Performance Image Control System) and pro-
cessed with Photoshop (Adobe). Confocal images were collec-
ted with a Bio-Rad MRC 1024 confocal microscope (Bio-Rad)
equippedwithaPLAN-Apochromat ×63/1.4lens.Imageswere
collectedwithLasersharp2000software(Bio-Rad)andprocessed
with ImageJ and Photoshop (Adobe). For quantiﬁcation of in-
tegrin internalization, cells were classiﬁed into three categories
based on the distribution of the immunoﬂuorescence: cells with
diffusestaining;cellswithdotted,sparsestaining;andcellswith
perinuclear accumulation of the staining.
Calcium imaging
RBL-FPR cells were electroporated with siRNAs and seeded
on to 384-well plates (Thermo Fisher Scientiﬁc). After 48 h,
cells were loaded with 25 μl per well of a dye mixture con-
taining 2 μM Fluo4/AM (Fluo-4 acetoxymethyl ester) (Invit-
rogen), 0.02% Pluronic F-127 (Invitrogen), 2.5 mM Probene-
cid (Invitrogen) in Tyrode’s buffer (130 mM NaCl, 5 mM KCl,
1m MM g C l 2,2 mMCaCl2,5 mMNaHCO3 and20 mMHepes,
pH 7.4).After1 hat37◦Cinthedark,platesweregentlywashed
with Tyrode’s buffer. Cells were then stimulated with 100 nM
fMLP, and relative changes in ﬂuorescence were monitored for
3 min at the FliprTETRA (Molecular Devices). The response
was the maximum relative ﬂuorescence unit value registered
within 3 min after fMLP addition. Data analysis was done using
GraphPad Prism (GraphPad Software).
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